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MinireviewCoaxing the LDL Receptor
Family into the Fold
but by different mechanisms. LRP1 has been implicated
in the regulation of neurite outgrowth (Nathan et al.,
1994) and the modulation of platelet-derived growth fac-
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tor (PDGF) signaling (Boucher et al., 2002; Loukinova et5323 Harry Hines Boulevard
al., 2002; Swertfeger et al., 2002). Megalin participatesDallas, Texas 75390
in parathyroid hormone signaling and is involved in the
transport of vitamins and steroid hormone precursors
(Nykjaer and Willnow, 2002).
Low-density-lipoprotein (LDL) receptor family mem- The LDL receptor, on the other hand, appears to have
bers control diverse developmental and physiological exclusively transport functions, primarily mediating the
pathways. In this issue of Cell, both Culi and Mann and removal of cholesterol containing lipoproteins from the
Hsieh et al. report on Boca/MESD, a highly conserved circulation into the liver. Two other members of the fam-
chaperone required for transport of LDLR family pro- ily, the very-low-density lipoprotein receptor (VLDLR)
teins to the cell surface. Together with recent insights and the Apolipoprotein E receptor 2 (ApoER2), are struc-
into the atomic structure of the LDL receptor, they turally virtually identical to the LDL receptor. Both can
shed new light on the synthesis and trafficking of this also internalize lipoproteins, but their primary role is the
important class of multifunctional receptors. regulation of a developmental signaling pathway that
controls neuronal positioning and the lamination of corti-Genetics and Properties of the LDL Receptor
cal layers in the brain. VLDLR and ApoER2 function asGene Family
receptors for the large secreted protein Reelin. BindingThe LDL receptor is the “founding father” and probably
of Reelin induces tyrosine phosphorylation of the adap-best-known member of the LDL receptor gene family.
tor protein Disabled-1 (Dab1) that interacts through aThe systematic sequencing of the genome of numerous
PTB (phosphotyrosine binding) domain with NPxY mo-organisms has now expanded the family to include ap-
tifs in the cytoplasmic tails of both receptors, which inproximately a dozen members. They are present only in
turn results in the activation of Src family tyrosine ki-metazoans and have remained highly conserved across
nases and PI3 kinase-mediated signaling cascades. Onethe species. For example, the nematode Caenorhabditis
cellular target is the microtubule stabilizing protein tau,elegans has several LDL receptor family proteins and
which, when abnormally phosphorylated, gives rise totheir structural organization is virtually indistinguishable
the neurofibrillary tangles that appear in the brains offrom their mammalian counterparts. All members of the
patients with Alzheimer’s disease. Reelin also modu-family contain the same repeating structural units. On
lates long-term potentiation and thus synaptic plasticity,the extracellular side, these include a type of cysteine-
although the molecular targets of this signaling pathwayrich repeats that make up the ligand binding domains
in the adult brain remain to be determined.of the receptors and which are also found in the terminal
LRP5 and LRP6 are two other family members that arecomplement components (hence known as “ligand
structurally closely related to each other. They appear tobinding” or “complement-type” repeats), as well as epi-
have only signaling roles and seem to be unable todermal growth factor repeats that flank -propeller do-
initiate endocytosis by themselves. Instead, they rely onmains. The receptors are anchored in the plasma mem-
another receptor, Kremen, for cellular uptake (Mao et al.,brane by a single membrane-spanning segment,
2002). LRP5 and LRP6, and their ortholog in Drosophila,followed by cytoplasmic domains that in most cases
arrow, widely gained recognition when they were found
contain signals for endocytosis and interaction motifs
to function as obligate coreceptors in many, if not all,
for a variety of cytoplasmic adaptor and scaffolding pro-
signaling pathways that involve Wnt (Wingless, wg, in
teins (Figure 1) (reviewed in Herz and Bock, 2002). Drosophila) proteins and their cognate Frizzled recep-
One of the most remarkable features of the LDL recep- tors. Wnt signaling regulates numerous physiological
tor gene family is its diverse biological multifunctionality. processes during development and in the mature organ-
Furthermore, some family members are “functional hy- ism. The earliest function for which Wnt signals are criti-
brids,” inasmuch as they combine such seemingly di- cal involves anterior-posterior patterning during gastru-
verse roles as endocytosis, cargo transport, and subcel- lation (Yamaguchi, 2001). Genetic defects in arrow
lular trafficking with pivotal functions in fundamental eliminate wg signaling (Wehrli et al., 2000), and lrp6
cellular signaling pathways. For instance, one of the deficiency in the mouse produces a phenotype that is
largest family members, the LDL receptor-related pro- consistent with a compound defect of a subset of Wnt
tein-1 (LRP1) and its close relative Megalin (LRP2), both proteins (Pinson et al., 2000).
mediate the transport of lipoproteins to the liver and to Boca/MESD—A Chaperone for the LDL Receptor
the developing embryo, and both are also involved in Family of Proteins
the removal of proteases, protease inhibitors and other Two papers in this issue of Cell now describe a resident
macromolecules from the extracellular environment. ER protein, termed boca in the fly (Culi and Mann, 2003)
LRP1 and Megalin also regulate cellular signaling events and mesoderm development (mesd) in the mouse (Hsieh
et al., 2003) that is also essential for Wg/Wnt signaling.
Genetic deficiency of boca produces a wg phenotype*Correspondence: joachim.herz@utsouthwestern.edu (J.H.), peter.
marschang@uibk.ac.at (P.M.) in the fly. Mosaic females that lack boca in their germline
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Figure 2. Schematic of the LDL Receptor Family Biosynthesis and
Secretion
Molecular chaperones (BiP, Boca, MESD, RAP) promote the folding
of nascent lipoprotein receptors (R) in the ER. MESD is most likelyFigure 1. Structural Organization of LDL Receptor Family Members
required for efficient folding of receptors with multiple -propeller
A simplified schematic view of the structure of the LDL receptor domains. RAP binds to ligand binding domains and is thought to
(LDLR), Yolkless, LRP1, and LRP5/6/Arrow and related receptors is thereby prevent the premature interaction of ligands (L) present in
shown. Ligand binding domains are shown in purple, and EGF- the same compartment. RAP dissociates from the receptors in early
precursor homology domains are represented as six-bladed pro- Golgi compartments and recycles back to the ER. Properly folded
pellers. receptors interact with physiological ligands at the plasma mem-
brane, mediate their endocytosis, and/or activate multiple signaling
pathways.
produce eggs that are mostly deficient in yolk proteins.
Their uptake into the egg requires an LDL receptor family
member, the product of the yolkless (yl) gene. In the These include BiP/PDI, calnexin/calreticulin, as well as
various specialized chaperones and escort proteins (re-mouse, the consequences of mesd deficiency are se-
vere: mutant embryos are unable to undergo normal viewed in Ellgaard et al., 1999).
Boca/MESD also carries an ER retention signal (KDELmesodermal differentiation and do not develop normal
anterior-posterior polarity. This phenotype resembles in the fly, REDL in mammals) at its carboxyl terminus
and localizes to the ER by immunohistochemisty. In itswhat is seen in wnt3-deficient mutants. However, the
presence of more extensive defects also in extraembry- absence, Arrow, LRP5, and LRP6 fail to reach the cell
surface and instead remain sequestered as insolubleonic tissues as well as abnormal cell proliferation in the
epiblast of mesd-deficient embryos suggest that signals aggregates in the ER. However, the transport of Frizzled
receptors is not affected, indicating that Boca/MESDinvolving either other Wnt proteins or LDL receptor fam-
ily members are also affected. is specifically required only for the export of the LDL
receptor family members. Hsieh et al. show that MESDContrary to what one might expect, Boca/MESD does
not function as a direct component of the Wg/Wnt sig- binds directly to LRP5 and LRP6, but not to the Drosoph-
ila Frizzled receptor Fz2 or the unrelated potassiumnaling pathway. Rather, its function appears to be that
of a molecular chaperone in the endoplasmic reticulum channel Kv1.1. In their experiments, MESD bound to
LRP5 and LRP6, but not to a minireceptor containingthat is required for proper folding and export of Arrow
in the fly and LRP5 and LRP6 in the mouse. Consistent parts of the extracellular domain of human LRP1. These
findings contrast with those of Culi and Mann, who foundwith the essential role of this novel protein is its remark-
able degree of conservation from C. elegans to man that Boca is necessary for normal expression of Arrow
as well as Yolkless in flies in vivo. Furthermore, they use(Culi and Mann, 2003).
Mammalian cells have evolved effective mechanisms RNAi to show that in insect cells, ER export not only of
Arrow, but also that of the human LDL receptor andto prevent the export of misfolded and, thus, potentially
deleterious proteins (Figure 2). This quality control system another LDL receptor family member in the fly, the lipo-
phorin receptor LpR2, is dependent on Boca. Thesefor newly synthesized proteins includes the retention of
unfolded proteins in the ER, proteasome-mediated ER- results suggest a much broader role for Boca/MESD in
the biosynthesis and folding of the LDL receptor geneassociated degradation of persistently misfolded pro-
teins, the retrieval of misfolded proteins from later com- family in general.
RAP—Another Chaperone of the LDLpartments of the secretory pathway back to the ER,
and the rerouting of proteins from the Golgi complex to Receptor Family
Boca/MESD is not the only specialized chaperone thatlysosomes. Numerous chaperones function in the ER
to generally ensure proper synthesis of most proteins. is involved in the biosynthesis of the LDL receptor family.
Minireview
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The receptor-associated protein (RAP) is another resi- leagues (Jeon et al., 2001). Their results revealed a com-
dent ER chaperone that is necessary for efficient folding plex structure consisting of tightly interwoven  strands
and ER export of some LDL receptor family members that could not be successfully expressed in a bacterial
(Bu et al., 1995; Willnow et al., 1996). In contrast to Boca/ system.
MESD, however, RAP-deficient mice develop normally, Recently, the structure of the entire extracellular do-
most likely because RAP deficiency does not cause main of the LDL receptor has been reported (Rudenko
complete disruption of ER export of all LDL receptor et al., 2002). Although the resolution was only 3.7 A˚, the
family members. For reasons that still remain in part results from this study have provided unprecedented
unknown, RAP affects individual receptors differentially functional insights into the likely general mechanism by
in various tissues. which ligands are released from LDL receptor family
A possible explanation for this lies in the function of members in the acidic environment of the endosome.
RAP as an inhibitor of ligand binding for many, but not all, At low pH, the ligand binding domain of the LDL receptor
LDL receptor family members. RAP specifically interacts folds back so that central modules of the ligand binding
with the ligand binding domains that are formed by clus- domain now contact the -propeller domain. This tight
ters of complement-type repeats. In the absence of RAP, and thermodynamically favored intramolecular interac-
functional LRP1 expression on the surface of hepato- tion is thought to displace bound ligands from the recep-
cytes and neurons, for instance, is reduced to approxi- tor. In this structure, the ligand binding repeats were
mately 20% of normal. Most of the newly synthesized arranged in a flexible linear chain, like pearls on a string,
receptor remains aggregated in the ER. Yet, in the same whereas the propeller domain at this low pH again ap-
tissues, LDL receptor expression and ER export is unaf- peared as a dense and highly ordered structure con-
fected. At the same time, LRP1 is transported virtually sisting of tightly packed  strands. This complexity of
normally through the secretory pathway in RAP deficient the -propeller domain thus suggests that the most
fibroblasts (Willnow et al., 1996). However, adenoviral likely role for Boca/MESD may be to ensure the proper
overexpression of Apolipoprotein E, a ligand for all LDL assembly and intercalation of the -propeller blades.
receptor family members, results in virtually complete Should this indeed turn out to be the case, one would
retention of LRP1 in the ER. These observations have expect Boca/MESD to be involved in the folding of all
led to the hypothesis that a physiological function of members of the LDL receptor gene family.
RAP may be to prevent the premature association of Implications for Human Disease
ligands that are expressed in the same compartment The absolute requirement for Boca/MESD during em-
with the nascent receptor and might thus interfere with bryonic development and its fundamental role for the
proper folding of the receptors (Figure 2). synthesis of multiple LDL receptor family members
The unaffected survival of RAP-deficient mice is con- makes it unlikely that any fully penetrant loss-of-function
sistent with this conditional requirement for RAP. Al- mutation in MESD could be the underlying cause of a
though complete loss of function of LRP1, Megalin, human genetic syndrome. It is intriguing, however, that
ApoER2, and VLDLR results in embryonic arrest (LRP1) an autosomal mutation for a recessive hypercholesterol-
or abnormal brain development (Megalin, ApoER2, emia syndrome with high LDL levels in several families
VLDLR), the residual expression of functional receptors on the Mediterranean Island of Sardinia was tentatively
in the absence of RAP appears to be sufficient to ensure mapped to an interval on chromosome 15q25-q26, close
essentially normal embryonic development. In their ex- to the location of the human MESD gene. Although the
periments, Hsieh et al. (2003) found that overexpression defect in several of the individuals in this study was
of MESD is essential for ER export of LRP5 and LRP6 later found to reside in a different gene, termed ARH on
in transfected COS cells. Expression of RAP alone was chromosome 1 (Garcia et al., 2001), genetic defects in
unable to promote receptor transport. Coexpression of MESD as a cause for a human familial hypercholesterol-
RAP and MESD improved ER export of either receptor emia syndrome remain a formal possibility. Rather than
only to a limited extent over MESD alone. These findings introducing a structural mutation that disrupts the func-
are also consistent with RAP not being absolutely re- tion of human MESD completely, one would have to
quired for functional LRP5 and LRP6 expression. assume that such a defect manifests itself, for example,
LDL Receptor Folding and Structural
in a regulatory region of the gene. In such a scenario,
Conformations
a mutation could selectively affect the expression of
Which parts of the receptors could require Boca/MESD
lipoprotein receptors in the liver, without disturbing theirfor proper folding? The extracellular domains of LRP5
essential functions during development.and LRP6 contain three kinds of repeating structural
In any case, future work building on the findings byunits: ligand binding (complement-type) repeats, EGF
Culi and Mann and by Hsieh et al. will undoubtedlyrepeats, and domains that form a six-bladed -propeller
provide further insights, not only into the mechanismsstructure with a YWTD consensus motif at the core of
of embryonic development, but also into the structuraleach blade. Individual EGF repeats, as well as the entire
assembly of one of the oldest and functionally mostLDL receptor ligand binding domain, consisting of a
versatile gene families.chain of seven repeats, have been efficiently produced
in simple bacterial expression systems (Simmons et al.,
1997), making it unlikely that either of these units could Selected Reading
be absolutely dependent upon Boca/MESD for expres-
sion. That leaves the complex -propeller as the most Boucher, P., Liu, P., Gotthardt, M., Hiesberger, T., Anderson, R.G.,
and Herz, J. (2002). J. Biol. Chem. 277, 15507–15513.likely candidate. The 3-dimensional organization of this
domain was first predicted by Springer (Springer, 1998) Bu, G., Geuze, H.J., Strous, G.J., and Schwartz, A.L. (1995). EMBO
J. 14, 2269–2280.and elegantly elucidated by Stephen Blacklow and col-
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